Natural killer cells have been demonstrated to exert remarkable graft-versus-leukemia effects after haploidentical transplantation. Acquisition of both, inhibiting and activating, receptors on developing natural killer cells is an important step in their functional maturation. Here, we report on the reconstitution of natural killer receptors after haploidentical transplantation of Tand B-cell (CD3/CD19) depleted grafts with co-transfusion of natural killer cells in children and its influence on natural killer cell activity and clinical outcome.
Introduction
Haploidentical stem cell transplantation (SCT) from mismatched related donors has become an established procedure for the treatment of children with high-risk and relapsed leukemia. [1] [2] [3] Natural killer (NK) cells are the lymphocyte subset showing the fastest reconstitution in vivo. Therefore, NK cells are the predominant lymphocyte subset which may exert antileukemic effects early after haploidentical stem cell transplantation due to delayed reconstitution of a functional T-cell repertoire. The function of NK cells is regulated by the balance of activating and inhibitory signals transmitted by different cell surface receptors. Most inhibitory receptors bind to HLA class I molecules. Importantly, members of the killer immunoglobulin like receptors (KIR) only bind to certain HLA-allele groups, e.g. the KIR receptor CD158a (KIR2DL1) binds to HLA-C2-alleles, CD158b (KIR2DL2/3) to HLA-C1-alleles and CD158e (KIR3DL1) to Bw4-alleles, therefore sensing the lack of certain HLA-alleles on target cells. Other inhibitory receptors like NKG2A and CD85j bind to a broader range of HLA molecules and are sensing overall HLA expression of target cells. 4 In the setting of allogeneic transplantation, NK cells which are not inhibited by HLA class I molecules of the recipient are called "alloreactive NK cells". Alloreactive NK cells have been demonstrated to exert remarkable graft-versus-leukemia (GvL) effects both in adult patients with acute myeloid leukemia (AML) and in pediatric patients with acute lymphoblastic leukemia (ALL). [5] [6] [7] Based on these clinical findings, different models to define NK alloreactive donors have been proposed.
During immune reconstitution after stem cell transplantation, NK cells start to express different NK receptors sequentially and different stages of NK cell differentiation can be distinguished. [8] [9] [10] [11] [12] [13] The expression of KIR receptors and CD16, as well as the transition from the CD56 bright to the CD56 dim phenotype, have been considered important steps for the acquisition of cytolytic function, which occur in a very late phase of NK cell maturation. 14, 15 Therefore, a detailed analysis of phenotype and function of regenerating NK cells after stem cell transplantation is necessary to assess their functionality and their contribution to GvL effects.
After allogeneic stem cell transplantation with purified stem cells, donor derived NK cells develop from CD34 + hematopoietic progenitor cells. 16, 17 In contrast to conventional enrichment of CD34 + stem cells, the T-and B-cell depletion of grafts with antiCD3 + and antiCD19 + coated microbeads leads to co-transfusion of large numbers of mature donor NK cells with stem cells at day zero of stem cell transplantation. In this study, we analyzed the reconstitution and maturation of NK cells after haploidentical transplantation with CD3/CD19 depleted grafts in children. We investigated the expression of inhibitory and activating NK receptors as well as NK cell cytotoxicity and NK cell mediated antibody-dependent cellular cytotoxicity (ADCC) against different cell lines and leukemic blasts. In contrast to published results in adult patients after haploidentical transplantation of CD34 selected grafts, we found a fast recovery of CD56 + /CD16 + NK cells showing good ADCC activity in vitro, which encourages an early posttransplant use of antibodies directed against residual malignant cells. We observed an association between predominant reconstitution of CD158b positive cells and higher relapse rate in patients homozygous for the corresponding C1-alleles. No correlation between NK alloreactivity defined by the described models [5] [6] [7] and survival was found.
Design and Methods

Patients
NK cell reconstitution was analyzed in 59 patients transplanted with CD3/CD19 depleted grafts at our clinic between December 2003 and December 2007. These patients participated in an ongoing trial which will be described in detail elsewhere. Diagnoses were mainly relapsed acute lymphoblastic leukemia (n=16) and acute myeloid leukemia (n=10), advanced myelodysplastic syndromes (MDS) (n=6), chronic myeloid leukemia (n=1), solid tumors (n=17) and non-malignant diseases (n=9). Median age at stem cell transplantation was 8.4 years (range 0.4-26.6 years). Thirteen patients (40%) with leukemias/MDS had active disease (morphological relapse) prior to transplantation; 10 patients had received a previous transplantation with matched donors. A detailed analysis of NK receptors by flow cytometry was carried out in 26 patients of this cohort (Table 1) . For correlation of event free survival (EFS) and cumulative incidence of relapse to KIR lig- 1  SAA  16  -no  2  RMS  27  PR2  yes  3  AML (M4)  3  CR1  no  4  NB  6  PR2  no  5  JMML  4  CR  no  6  ARTEMIS defect  6  -no  7  cALL  17  CR3  no  8  AML (M5)  1  NR1  no  9  cALL  17  CR2  yes  10  MDS (RAEB-t)  8  NR  no  11  cALL  19  CR2  yes  12  AML (M4)  6  CR2  no  13  AML (M5)  7  NR3  yes  14  AML (M4)  6  NR3  no  15  NB  5  PR2  no  16  AML (M4)  5  NR1  yes  17  NB  11  PR2  yes  18  CML  8  CP2  no  19  SAA  8  -yes  20  NB  19  PR4  no  21  Ewing  10  PR2  no  22  PNH  21  -no  23  AML (M0)  6  NR2  no  24  pre-T-ALL  9  CR2  no  25  NB  6  PR2  no  26  NB  11 
Conditioning regimens and transplantation
The conditioning regimens for haploidentical transplantation comprised fludarabine / clofarabine, thiotepa and melphalan or total body irradiation (TBI) / busulphan based standard protocols. OKT3 was given as rejection prophylaxis. In detail, most patients with CD3/CD19 depleted grafts received a melphalan based, reduced intensity regimen (melphalan 2¥70 mg/m and stopped between days +60 and +100. All patients in the control group received CD34 enriched grafts after total body irradiation or busulphan based standard myeloablative conditioning regimens. Anti-thymocyte globulin (ATG) was given as rejection prophylaxis from days -4 to -1. No GvHD prophylaxis was given posttransplant.
Flow cytometry
FACS analysis of NK cell receptors was carried out at different time points (day 30, day 60, day 100, day 200) after transplantation. The following mouse anti-human monoclonal antibodies were used: CD2 FITC, CD3 PerCP, CD11a FITC, CD16 PE, CD56 FITC and APC, CD69 FITC, CD94 FITC, CD158a FITC, CD158b PE, CD158e Biotin, CD226 PE, CD244 FITC, Streptavidin PerCP (all from Beckton Dickinson/BD Pharmingen, Heidelberg, Germany), CD54 FITC (Dako cytomation, Hamburg, Germany), CD85j PE, NKG2A PE, NKp30 PE, NKp44 PE, NKp46 PE (all from Beckman Coulter, Krefeld, Germany), NKG2D APC (R&D Systems, Wiesbaden-Nordenstadt, Germany). Peripheral blood mononuclear cells from patients were incubated with the corresponding mAb for 30min at 4°C. Control aliquots were stained with non-binding isotype IgG (Becton-Dickinson, Heidelberg, Germany). Samples were analyzed on a FACSCalibur flow cytometer (Becton-Dickinson, Heidelberg, Germany) using CEL-LQUEST software (BD). A minimum of 10,000 events were used for assessment.
Cytotoxicity assay
Cytolytic activity of NK cells was tested in a 2-hour BATDA [bis (acetoxymethyl) 2,2':6',2''-terpyridine-6,6''-dicarboxylate] europium release assay as described elsewhere.
18 K562 (erythroleukemia cell line), SK-N-BE (neuroblastoma cell line) or leukemic blasts from our patients (if possible autologous blasts) were used as target cells. For testing antibody-dependent cellular cytotoxicity, target cells were preincubated for 30 min either with humanized anti-GD2-mAb (provided by Dr. Barfield, St. Jude Children's Research Hospital, Memphis, TN, USA) when using SK-N-BE as targets or with a humanized anti-CD19-mAb (Lexigen, Massachusetts, USA) when using leukemic blasts. Four different effector to target cell ratios were tested. Specific lysis was calculated as follows: % specific lysis = (experimental release -spontaneous release) / (maximum release -spontaneous release) x 100.
Statistical analysis
Student's t-tests, survival analysis (using Kaplan-Meyer estimates) and cumulative incidence of relapse were performed using GraphPad Prism version 4.01 for Windows, GraphPad Software, San Diego California USA (www.graphpad.com).
Results
Reconstitution of CD56 + /CD3 -cells and killer immunoglobulin-like receptors (KIRs)
The CD3/CD19 depleted grafts contained a median NK cell number of 106¥10 6 /kg bodyweight, but infused NK cells were detectable in peripheral blood by FACS analysis only to a low extent and a few days after infusion (data not shown). Patients with CD3/CD19 depleted grafts showed a very fast reconstitution of NK cells (defined as CD56 + /CD3 -) which reached a normal level already at day +14 (t-test, P=0.91 compared to healthy donors). We found significantly higher numbers of NK cells at this time point compared to patients with CD34 enriched grafts whereas no significant difference was found at later time points ( Figure 1A ). Analysis of KIR receptors was only carried out in the CD3/CD19 depleted group. We found higher levels for CD158b/j positive NK cells compared to CD158a/h and CD158e positive cells ( Figure 1B ). These observations were independent of the presence or absence of HLA-Cw3 alleles in donors or recipients (data not shown).
In a second step, we focused on KIR single positive NK cells. These are an interesting population for studying potential alloreactive responses because these cells are only inhibited by a certain group of HLA-alleles. Analysis of NK cell subpopulations with exclusive expression of one KIR also showed a predominance of CD158b/j + 158a/h -158e -NK cells. Interestingly, this predominance again was not influenced by donor or recipient KIR ligand expression in our group of patients ( Figure 1C ). Instead, C2 homozygous patients showed a tendency to a lower expression of both CD158b/j and CD158a, which was significant for CD158a single positive NK cells compared to C1 homozygous patients (t-test, P=0.02) but not for CD158b single positive NK cells (P=0.16).
Reconstitution of other inhibitory and activating natural killer receptors
In addition to KIR receptors we analyzed the expression of other inhibitory and activating receptors as well as different adhesion molecules on NK cells in the patients with CD3/CD19 depleted grafts. Patients after transplantation showed a higher percentage of NKG2A and CD62L positive NK cells compared to their donors which declined to NK reconstitution after haplo SCT haematologica | 2010; 95 (8) normal levels after day +200. CD244 and CD85j were expressed at slightly decreased levels. Percentages of NKp30, NKp46 and CD226 positive NK cells reached a normal range early. Patients showed significantly decreased percentages of NKG2D positive NK cells in the first 100 days after transplantation. However, percentages of NKp44 and CD69 positive NK cells were slightly increased. Adhesion molecules were either expressed in the same range (CD11a, CD2) or even in a slightly higher percentage (CD54) compared to healthy donors (data not shown).
Reconstitution of CD56
dim and CD56 bright subsets Numbers of patients at different time points were 18 (CD3/19) and one (CD34) at day +7, 54 and 11 at day +14, 57 and 27 at day +21, 56 and 33 at day +30, 54 and 31 at day +60, 49 and 32 at day +90. We found a faster reconstitution of NK cells after CD3/CD19 depletion which showed a significant difference at day +14 (t-test, *P=0.0002), whereas no significant difference was found at other time points. 
Cytolytic activity of reconstituting natural killer cells
For functional analysis of reconstituting NK cells, we measured cytotoxic activity against K562. In selected patients cytotoxic activity was also analyzed against primary leukemic blasts or a neuroblastoma cell line. Cytotoxic activity against K562 of both resting and IL-2 activated NK cells reached high levels already within the first 50 days after transplantation ( Figure 3A) , indicating an early cytolytic potential posttransplant. Activity of resting NK cells against neuroblastoma and leukemic blasts was rather low, but could be enhanced against neuroblastoma by overnight incubation with IL-2 (data not shown).
A possibility to enhance NK activity is the exploitation of antibody dependent cellular cytotoxicity by the use of appropriate antibodies. We, therefore, used antibodies optimized for induction of antibody dependent cellular cytotoxicity by NK cells against disialoganglioside (GD2) for neuroblastoma and CD19 for pediatric leukemic blasts. Lysis of the respective target was significantly enhanced with both antibodies. Since we found a fast reconstitution of CD16 + NK cells in our patients with CD3/CD19 depleted grafts, we tested the induction of antibody dependent cellular cytotoxicity at very early time points after transplantation. With both antibodies we found a significant increase in specific lysis as early as day 14 after transplantation ( Figure 3B ). In 6 patients, NK activity could be tested against autologous cryopreserved primary blasts. All 6 patients showed a weak but significant (>10% at an E:T ratio of 20:1) specific lysis against autologous blasts and a slight increase after stimulation with IL-2. Using the CD19 antibody, remarkable antibody dependent cellular cytotoxicity activity was obtained also against these targets ( Figure 3C ).
Correlation of different models of natural killer alloreactivity and outcome after transplantation
Different models for predicting NK alloreactivity after stem cell transplantation have been established which show heterogeneous results in different patient cohorts, diseases and transplantation settings. We tested correlations between predicted NK alloreactivity and overall survival or relapse probability in our group of patients after haploidentical transplantations with CD3/CD19 depleted grafts according to different models. Grouping all patients or patients with leukemias and advanced myelodysplastic syndromes (ALL, AML, MDS) according either to the "KIR ligand model", the "KIR receptor ligand model" or the "missing KIR ligand model" did not show any survival advantage for patients with a supposed NK alloreactive donor. The faster and higher reconstitution of CD158b on NK cells independent of KIR ligand expression in recipients prompted us to group patients according to their KIR ligand expression. We assumed that patients homozygous for HLA-C1-alleles block CD158b + regenerating donor NK cells most effectively while patients homozygous for HLA-C2-alleles fail to block these NK cells. Indeed, all patients with leukemias or advanced myelodysplastic syndromes irrespective of remission status who were homozygous or even heterozygous for HLA-C2-alleles showed a better NK reconstitution after haplo SCT haematologica | 2010; 95(8) Figure 4A and B). For patients with acute leukemia who were in any complete remission prior to haploidentical transplantation this difference was even more pronounced ( Figure 4C ). Furthermore, relapse probability for patients with acute leukemias was significantly lower in the homozygous/heterozygous HLA-C2 group ( Figure 4D and E) .
Discussion
In the present study we analyzed, for the first time, the regeneration and function of NK cells and their receptors after haploidentical stem cell transplantation with CD3/CD19 depleted grafts. CD3/CD19 depletion of stem cell grafts leads to co-transfusion of large numbers of NK cells and myeloid cells at day zero of transplant with the intention of an improved graft-versusleukemia effect posttransplant and a facilitated engraftment. NK cells have been shown to mediate antileukemic effects after haploidentical transplantation, [5] [6] [7] and acquisition of both inhibiting and activating receptors on developing NK cells is an important step in their functional maturation after transplantation. NK cell reconstitution has been well described after haploidentical transplantation with CD34 enriched hematopoietic stem cells. Substantial differences are apparent comparing transplantation procedures with CD3/CD19 depleted cells and CD34 enriched cells. Our patients mainly received an intensity reduced conditioning regimen and high numbers of NK cells as well as myeloid cells in the graft. In the mouse model, donor NK cells contribute to a better engraftment and, therefore, may accelerate de novo regeneration of NK cells from hematopoietic stem cells. 19 We found a very fast recovery of CD56 + /CD3
-NK cells, which may exert antileukemic effects, with CD3/CD19 depleted grafts. Absolute NK cell numbers / µl reached a normal range compared to healthy donors already at day +14. At this time point, recovery of NK cells with CD3/19 depleted grafts was significantly faster compared to CD34 enriched grafts, whereas no significant difference was found at later time points. This may be due to co-transfused NK cells, while also the influence of intensity reduced conditioning and the use of OKT3 instead of anti-thymocyte globulin in patients with CD3/19 depleted grafts have to be considered. The use of mycophenolate-mofetil as graft-versus-host disease prophylaxis, which was given after CD3/19 depletion but not in patients with CD34 enriched grafts did not counterbalance this effect.
We also found a faster recovery of CD56 dim /CD16 + NK cells compared to published results after haploidentical transplantation with CD34 enriched grafts. 20, 21 In these studies, CD56 dim NK cells has also been shown after transplantation with CD34 enriched grafts. 20 High expression of NKG2A on regenerating NK cells is known to contribute to weak lysis of acute myeloid leukemia blasts 21 and weak cytokine production 20 by blocking of NKG2A-HLA-E interaction. By contrast, a strong lysis of HLA class I negative targets has been observed by these NK cells. We found the same pattern in our study with good lysis of K562 which could be further haematologica | 2010; 95(8) enhanced by stimulation with IL-2 and a weaker, but still significant, lysis of acute lymphoblastic leukemia blasts by resting or IL-2 stimulated NK cells. The low lysis of the neuroblastoma cell line SK-N-BE, which expresses only low amounts of HLA class I, by resting NK cells indicates that there are additional mechanisms responsible for the functional immaturity of the reconstituting NK cells. Furthermore it has been shown that many pediatric acute lymphoblastic leukemia blasts show a reduced expression of HLA class I and HLA-E compared to healthy B cells. 24 NK clones positive for NKG2A and negative for CD158a, b and e showed strong lysis of pediatric blasts with reduced HLA-expression indicating that NKG2A-HLA-E interaction may not be the main inhibiting signal in these target cells. 25 However, the lysis of neuroblastoma and acute lymphoblastic leukemia blasts mediated by reconstituting NK cells could be clearly improved by antibody dependent cellular cytotoxicity using appropriate antibodies. We used optimized chimeric antibodies against CD19 for antibody dependent cellular cytotoxicity in acute lymphoblastic leukemia blasts and against GD2 in neuroblastoma and found a significant increase in specific lysis both by resting and IL-2 activated NK cells. As such antibodies have also been shown to mediate effective anti-tumor reactions in vivo, 26, 27 it could be a promising approach to use them early after transplantation with CD3/CD19 depleted grafts taking advantage of the fast reconstitution of CD16 + NK cells. In several retrospective analyses of haploidentical transplantations, different models have been established to predict NK alloreactivity and their influence on relapse rate and overall survival. [5] [6] [7] In contrast, other studies did not show a positive effect of potential NK alloreactivity. 21, 28 In transplantations from unrelated donors, different results of KIR ligand incompatibility have also been reported. [29] [30] [31] [32] These conflicting results might partly be due to differences in the conditioning regimen, degree of T-cell depletion or different diseases. Grouping our patients with leukemia and advanced myelodysplastic syndromes (ALL, AML, MDS) according either to the "KIR ligand model", the "KIR receptor ligand model" or the "missing KIR ligand model" did not show any survival advantage for patients with a supposed NK alloreactive donor in univariate analysis. However, we found a better overall and event free survival and a lower relapse probability in patients homozygous or even heterozygous for HLA-C2-alleles compared to patients homozygous for HLA-C1-alleles. This effect could be caused by the faster and significantly higher reconstitution of CD158b positive NK cells which should be blocked most efficiently in patients homozygous for HLA-C1-alleles. According to the "licensing" model, one can assume that CD158b single positive NK cells would not acquire functional competence in recipients homozygous for HLA-C2-alleles. However, the hyporesponsive state of these "unlicensed" NK cells is not permanent as they can be activated in response to proinflammatory cytokines. 33 A clinical effect for such "unlicensed" NK cells has been shown in autologous stem cell transplantation for solid tumors and lymphoma 34 indicating that this setting can provide an environment promoting activation of "unlicensed" NK cells. Furthermore, Yu et al. 35 showed that "unlicensed" NK cells exhibit intracellular IFN-γ and cytotoxic response to target cells lacking cognate ligands early after T-cell depleted stem cell transplantation. These NK cells become gradually tolerized to self by day 100 posttransplant. Recently, Pende et al. showed a differentially pronounced inhibition of KIR2DL2/3 positive NK clones also by HLA-C2-alleles, although binding of KIR2DL2/3 to HLA-C2-alleles was weaker compared to HLA-C1-alleles. 36 On the other hand, they also showed a contribution of KIR2DS1 to the alloreactive potential of NK cells which could override inhibition by NKG2A or KIR2DL2/3 against targets homozygous for HLA-C2-alleles. Unfortunately, we do not have data on KIR2DS1 expression but one can speculate that recognition of HLA-C2 positive target cells by the activating KIR2DS1 also contributes to the lower relapse rate observed in our patients positive for HLA-C2-alleles.
Our clinical observation is in contrast to findings in adult patients after unrelated donor hematopoietic stem cell transplantation where patients with chronic myeloid leukemia 37 or chronic myeloid leukemia, acute myeloid leukemia, acute lymphoblastic leukemia and myelodysplastic syndromes, 38 which were homozygous for HLA-C2-alleles had an increased risk of relapse. This difference again could be caused by differences in the transplant setting including graft manipulation, haploidentical compared with HLA-matched unrelated donors, as well as differences in the underlying diseases.
Unfortunately, the low number of patients in our study did not allow analysis in more homogenous subgroups. Therefore, larger cohorts should be analyzed to validate our observation in pediatric patients after haploidentical transplantation.
In summary, reconstitution of KIR receptors followed an already known pattern with higher and faster reconstitution of CD158b which was associated with an increased relapse risk in patients homozygous for HLA-C1-alleles. NK reconstitution in the early posttransplant period was faster after CD3/CD19 depletion compared to a control cohort with CD34 enriched grafts. Additionally, we found a fast recovery of CD56 dim /CD16 + NK cells after haploidentical transplantation with CD3/CD19 depleted grafts. This observation is in contrast to published results in adult patients after haploidentical transplantation with CD34-selected grafts. Furthermore, we could show that these NK cells, despite a limited "natural cytotoxicity" against acute lymphoblastic leukemia blasts, mediate excellent antibody dependent cellular cytotoxicity activity in vitro as early as day 14 after transplantation. These results encourage an early posttransplant use of cytokine stimulation and antibodies to target residual malignant cells after haploidentical transplantation with CD3/CD19 depleted grafts, especially in patients homozygous for C1-alleles.
